The rheological properties of the aqueous solution of 1H,1H,11H-perfluoroundecyl acrylate -modified poly(acrylic acid) were studied. It was found that the solutions show different viscosity dependence on shear time at different pH and shear rates. At lower pH and moderate shear rates, the viscosity of the solutions shows a great increase with time. At pH 5.0 and above, it exhibits thixotropy at any shear rate, i.e., the viscosity decreases with time at constant shear rates. If the shearing stops, the viscosity of the solutions can be recovered to some extent. These phenomena are interpreted to be due to the intermolecular hydrophobic association: the construction of the association leads to an increase of the viscosity, the destroying of the association leads to a decrease of the viscosity. The pH-induced conformational change and the shearing-induced chain elongation jointly influence the intermolecular hydrophobic association.
Introduction
Introduction of a few of long alkyl chains to water soluble polymers will greatly influence its rheological features [1] [2] [3] [4] [5] [6] [7] [8] . These so-called hydrophobically modified water-soluble polymers have attracted more and more attention [9] [10] [11] [12] [13] [14] [15] [16] . They exhibit unique rheological properties in aqueous solution compared to those of the unmodified parent polymers. The most important and well-reported property is the greatly enhanced viscosity caused by the intermolecular hydrophobic association. At first, hydrocarbon groups were used as the hydrophobes to modify the water-soluble polymers. In recent years, fluorocarbon groups have been found to be much more effective than hydrocarbons [17, 18] , it is evidently because fluorocarbon groups possess much more hydrophobicity so that the hydrophobic association occurs more easily and strongly, resulting in much higher viscosity of the aqueous solutions. As for the hydrophilic main chain, both polyelectrolytes and nonelectrolytes have been extensively studied [19] [20] [21] [22] [23] [24] . The difference is that the conformation of the polyelectrolytes chain is sensitive to the pH while that of the nonelectrolytes not.
Our group have been studying fluorocarbon-modified poly(acrylic acid) in recent years. We synthesized the copolymer of acrylic acid and small fraction of 1H,1H,11H-perfluoroundecyl acrylate (FUA) (scheme 1). In aqueous solution, FUA chains aggregate together due to their hydrophobicity. This intermolecular association is a kind of physical cross-link that leads to a great enhancement of the viscosity.
Since hydrophobic association is a kind of physical interaction, it is affected by shear stress [25] [26] [27] [28] . At a constant shear stress, some systems were found to exhibit timedependent rheological property, i.e. thixotropy or anti-thixotropy behavior. For example, Alejandro J Müler [29] studied the rheological behavior of hydrophobically modified polyacrylamide aqueous solution mixed with sodium dodecyl sulfate (SDS), anti-thixotropy behavor and thixotropy behavor were found and it strongly depends on the shear rate and the shear history. The mechanism was clarified as the formation and disruption of mixed micelles between SDS micelles and hydrophobic moieties wich leads to inter-molecular association. In this paper we studied the effect of shear stress and shear time on the rheological behavior of hydrophobically modified polyelectolyte FUA. Fig.1-5 shows the shear time dependence of the viscosity of the aqueous solution of PAF1.02 at different pH and shear rates. It is indicated that at a constant shear rate, the viscosity of the FUA-modified poly(acrylic acid) solution changes with time. Furthermore, at different shear rates, its behavior is quite different.
Results and discussion

pH = 3.2
At pH 3.2, it was found that different shear rate leads to different viscosity dependence on time. At low shear rate of 1s -1 , the viscosity keeps constant, showing no thixotropy (Fig. 1) ; while at 10 s -1 , the viscosity shows an abrupt increase with time ( Fig. 2) . When the shear rate rises up to 100 s -1 , the increase of the viscosity becomes much less and smooth ( Fig. 3) . At even higher shear rate of 300 s -1 , the viscosity shows a sharp decrease after a short time increase (Fig. 4) . These phenomena were similar to the hydrophobically modified polyacrylamide aqueous solution mixed with sodium dodecyl sulfate [29] . 
pH = 5.0
It was found that at pH 5.0, PAF1.02 solution exhibits thixotropy at any shear rate, i.e., at a constant shear rate the viscosity decreases with time but never increases. Fig. 5 shows the result at shear rate of 100 s -1 . Further study showed that when the shear stops, the viscosity can recover immediately to some extent, which can be seen from 
Discussion
-pH-induced conformational change
The pH dependence of the rheological property is related to the pH-induced conformational change. It has been found that as the pH increased, the viscosity of poly(acrylic acid) solution increases slowly till it levels off, but the viscosity of FUAcontaining copolymer solutions increase dramatically and then decrease sharply when pH is beyond 5.0 (see Fig. 9 ). This phenomenon is similar to that of other system reported by Ming Jiang and coworkers [31] . It can be explained that at lower pH, the copolymer chain is in form of coil that packs up the hydrophobes and the intermolecular association is weak. As pH value increased, the chain extends and the hydrophobes have the chance to touch each other and the intermolecular association becomes stronger. At pH 5.0, the intermolecular association reaches the maximum, further increase of pH will lead to too strong intermolecular electrostatic repulsion that weakens the intermolecular association. At low pH such as pH 3.2, most of the fluorocarbon groups are embedded in the polymer coil; when pH rises to 5.0, the coil extends due to the ionization-induced intermolecular electrostatic repulsion and the fluorocarbon groups are exposed so that intermolecular hydrophobic association occurs; at even higher pH such as 7.0, too much ionization charge leads to stronger intermolecular electrostatic repulsion and destroys the intermolecular association.
-Effect of shear stress at different pH and different shear rates Since the polymer chains exhibit different conformation at different pH, the shear stress has different effect at different pH:
At pH 3.2, the polymer coil is compact, packaging the fluorocarbon groups. The shear stress should have two effects: (1) elongating the molecular chain that destroys the intramolecular association and creats the intermolecular association thus increasing the viscosity (2) this leads to intermolecular slipping that destroys the intermolecular association which decreases the viscosity. At low shear rate such as 1 s -1 , the shear stress is not strong enough to elongate the molecular chains and the viscosity almost keeps constant. At an appropriate shear rate such as 10 s -1 , the shear stress can elongate the molecular chain, then the fluorocarbon groups will be exposed and form the intermolecular association, so the viscosity shows a great increase with shear time. At 100 s -1 , effect (2) becomes more effective, there should be a balance of effect (1) and effect (2), but effect (1) prevails, so the viscosity keeps increasing but slowly. At shear rate of 300 s -1 , effect (2) dominates, so the viscosity shows a sharp decrease after a short time increase. Fig. 11 shows the chain conformation at different shear rate at pH 3.2.
shear rate = 1 s shear rate = 300 s -1 Fig. 11 . Conformation of the copolymer chain at different shear rate at pH 3.2.
Comparing Fig. 10 and Fig. 11 , it indicates that at acidic condition such as pH 3.2, the effect of shear stress is comparable to that of increasing the pH in the extension of the polymer coil.
At pH 5.0, the polymer chain has been extensively extended, so only effect (2) works. Given a constant shear stress, the associated fluorocarbon groups are withdrawn from the micelles, i.e., the association is destroyed, so that the viscosity shows a decrease with time. If given a break, the association will be reconstructed and the viscosity recovers. As is shown in Fig. 6-8 , the longer the break time given , the higher value the viscosity can recover to. The recovery rate should be described as following:
where η o ─ the original viscosity before shearing, η s ─ the viscosity after shearing, η r ─ the viscosity recovered after break. Fig. 12 shows the recovery rate of the viscosity with the length of break time. It shows that the recovery is fast at first but slow down later. 
Conclusions
From the discussion above it can be concluded that the aqueous solution of FUAmodified poly(acrylic acid) exhibits thixotropy. But at different pH, the different conformation of the polymer chain caused different effects of shear stress on the viscosity. At lower pH, the polymer coil keeps compact packaging the hydrophobes, appropriate shear stress can extend the coil and then expose the hydrophobes, which leads to intermolecular association that greatly enhances the viscosity, so that a viscosity increase is observed at a constant shear rate. At higher pH, the polymer chain has already extended, the shear stress withdraws the hydrophobe chains from the micelle junctions, so a decrease with shear time at constant shear rates is observed. On stopping shear, the viscosity can recover due to the reconstruction of hydrophobic association, the recovery is fast at first but slow down later.
Experimental part
Materials
Acrylic acid was purified by vacuum distillation of the commercial product. The fluorine-containing comonomer 1H,1H,11H-perfluoroundecyl acrylate (FUA) was obtained from Lancaster Company and used as received. 2,2´-azobis(isobutyronitrile) (AIBN) was recrystallized twice from methanol. The CO 2 with purity of 99.9% was used as received.
Polymerization and Characterization: Copolymers of acrylic acid and small amount of FUA were synthesized by free-radical polymerization initiated by AIBN in supercritical carbon dioxide at 60 0 C and 15 MPa. Detailed procedure has been reported by us [30] . After reaction, the copolymer in form of white powder was obtained. The contents of FUA in copolymers were determined by fluorine elemental analysis. The molecular weights M η of the polymers were determined by viscosity mesurements in dioxane at 30 0 C, according to the equation [η] = 0.076×M 0.5 , the initial concentration of the polymers was 0.3%.
Viscosity study: Studied polymers (see Table 1 ) were dissolved in deionized water at concentration of 2%. PAA was dissolved directly in water, obtaining the solution with pH 2.5, but PAF1.02 cannot be dissolved completely in water unless some NaOH was added, obtaining the solution with pH 3.2. Higher pH was reached by adding NaOH solution. Viscosity measurements were performed with Rheometrics Fluids Spectrometer (RFS). 
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